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Abstract
In this work, we conduct an investigation on the optical emission properties of a pumped-
dissipative QD-cavity system within the Lindblad master equation approach, where the cav-
ity mode is modeled through the R-deformed realization of the Heisenberg algebra (RDHA).
We found that the parity deformation parameter associated with the RDHA gives rise to a
collective phenomenon by reordering the one-photon optical transitions of the system, and
it is demonstrated that there are two critical values for this parameter where a new type of
spectral triplet arises in the emission spectrum. Moreover, our results reveal that depending
on the critical value of the deformation parameter, the spectral triplets observed in the emis-
sion spectrum exhibit signatures of the weak- and strong-coupling regimes simultaneously.
Keywords: R-deformed Heisenberg algebra, Jaynes-Cummings model, parity deformation
parameter, Lindblad master equation, emission spectrum, two-level system.
1. Introduction
Within the framework of cavity quantum electrodynamics (cQED), the Jaynes-Cummings
(JC) model remains to be the fundamental model for the quantum description of light-matter
interaction. In spite of its simplicity, this theoretical model has been used extensively and
quite successfully in the description of several quantum phenomena. For example, in the
understanding of the collapse and revival of Rabi oscillations in quantum-dot cavity sys-
tems (QD-cavity) [1, 2, 3, 4], the phenomenon of light-matter entanglement and dynamics
of atomic population inversion [5, 6]. Furthermore, the JC model has been used in studies
on generation of Schro¨dinger cat states of the quantized field [7, 8] as well as in the pro-
duction of nonclassical states of light and atoms [9, 10, 11]. It has also been demonstrated
to be useful for designing and realization of possible devices with applications in quantum
information processing and quantum computation [12, 13, 14, 15]. Recent investigations on
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quantum networking by light-matter interfacing are suggested the JC model as a promising
for the development of distributed quantum networks on larger scales [16, 17] and new ar-
chitectures envisaging the future quantum internet [18]. Surprisingly, the JC model serves
as an elementary ”building block” towards the understanding of novel phenomena in more
complex quantum systems, e.g. many-body phenomena in QED-cavity arrays [19], mul-
tipartite entanglement in semiconductor quantum-dots [20], phase transition of light [21]
and Mott-insulator-to-superfluid transition in strongly correlated polaritons [22, 23]. Due
to the success of the JC model in the description of important quantum phenomena, it
has inspired interesting theoretical works in various directions. For example, the use of
theoretical approaches such as the algebraic operator method [24, 25], super-group [26, 27]
and super-algebras approaches [28] for finding exact solutions to cQED systems. On the
other hand, some extensions to the boson oscillator algebra have been given through the
deformation of the usual commutation relation of the field operator, which are known as
the q-deformed [29, 30] and f -deformed oscillator formalism [31, 32] and they have also
been incorporated in the JC model. In particular, these q- or f -deformed oscillator ap-
proaches have been useful in the description of supersymmetric and shape-invariant sys-
tems [33, 34]. Another case of interest within the deformed algebra approaches and not
related to the q- or f -deformed formalism is known as the R-deformed Heisenberg alge-
bra (RDHA) which has found utility in the characterization of nonclassical properties of
light [35, 36, 37]. Interestingly, this R-deformed algebra has been useful in the description of
para-fields [38], para-statistics [39] and the solution of essential quantum systems such as the
pseudo-harmonic [40] oscillator and the Calogero model [41]. Also, it has been demonstrated
that the RDHA is a powerful tool to deal with fractional spin fields in supersymmetric quan-
tum mechanics [42] and generalized oscillator systems within the quantum field theory [43].
The RDHA is attracting considerable interest to the quantum optics community and mainly
when it is considered in the JC model through the replacement of the boson operator by
the R-deformed partner. For example, theoretical investigations related to the RDHA and
the degree of entanglement [44], as well as in the atomic emission spectrum and variation
of the geometric phase [45] in the deformed–JC model. The aim of this work is twofold:
on the one hand, to investigate the effect that has the parity operator belonging to the
RDHA on the optical transitions of a pumped-dissipative QD-cavity system. On the other
hand, to characterize the emitted light by the quantum system that is feasible experimen-
tally. This paper is organized as follows. In Section 2, we present the model that describes
the pumped-dissipative QD-cavity system within the framework of RDHA. In Section 3, we
present a detailed analysis of our numerical results. Finally, the concluding remarks appear
in Section 4.
2. Theoretical model
The most widely used theoretical model for describing the interaction between light and
matter is known as the Jaynes-Cummings (JC) model. It describes a quantum emitter (QE)
interacting with an electromagnetic cavity mode that in the rotating wave approximation
2
its Hamiltonian is given by (~ = 1)
Hˆλ =
ωc
2
{aˆ, aˆ†}+ ωx
2
σˆz + g(aˆ
†σˆ + aˆσˆ†), (1)
where g defines the light-matter interaction constant between the cavity mode and the
QE. Additionally, ωx and ωc are the frequencies associated with the QE and the cavity
mode. Moreover, δ = ωx − ωc defines the detuning of the QE from the cavity resonance.
Notice that here aˆ† and aˆ are creation and annihilation operators within the framework of
RDHA. Moreover, it is worth mentioning that these R-deformed operators satisfy the (anti-)
commutation relations: {Rˆ, aˆ} = 0, {Rˆ, aˆ†} = 0, [aˆ, aˆ†] = Iˆ + 2λRˆ as well as the properties
aˆ†aˆ = Nˆ + λ(Iˆ − Rˆ) and [Rˆ, Nˆ ] = 0 [35]. The number operator Nˆ has been introduced in
the RDHA to be different from the traditional product in quantum mechanics, but follows
similar rules such as [Nˆ , aˆ] = −aˆ and [Nˆ , aˆ†] = aˆ†. Additionally, λ is the so-called Wigners
deformation parameter or parity deformation parameter and Rˆ defines the parity operator
that satisfies the following properties Rˆ2 = Iˆ, Rˆ† = Rˆ−1 = Rˆ, moreover the action of the set
of operators {aˆ†, aˆ, Nˆ , Rˆ} on normalized eigenfunctions are given by
Nˆ |n〉 = n |n〉 , (2)
Rˆ |n〉 = (−1)n |n〉 , (3)
aˆ |n〉 =
√
n+ 2λξn |n− 1〉 , (4)
aˆ† |n〉 =
√
n+ 1 + 2λξn+1 |n+ 1〉 where ξn =
{
1 if n is odd
0 if n is even.
(5)
On the other hand, we denote by σˆ = |G〉 〈X| the lowering operator for the QE, such that the
action of the lowering operator on the excited state |X〉 leads to the ground state |G〉. It is
worthwhile noting that the deformed–JC model has a conserved quantity that is associated
with the total number of excitations of the system and it is defined through the operator
Nˆexc = Nˆ + σˆz/2 that is diagonal in the bare-states basis
{ |α, n〉 ≡ |α〉 |Xα=G ⊗ |n〉 |∞n=0}.
In this basis of states, n and α corresponds to the number of photons in the cavity and
one of the two possibles states of the QE, respectively. Since the operator Nˆexc defines
the conserved quantity ([Nˆexc, Hˆλ] = 0) it is possible to study the quantum dynamics of the
coupled system within separate subspaces of the full state-space. In fact, each eigensubspace
is labeled by the corresponding eigenvalue n = 0, 1, 2, ... of Nˆexc and it is frequently called the
n-th rung in the JC ladder of states. In other words, the Hilbert space of the coupled system
Hˆλ is decomposed into a direct sum of invariant subspaces as Hˆλ = Hˆ0
⊕∞
n=1 Hˆn, where the
subspace Hˆ0 is spanned only by the state |G, 0〉 that corresponds to the null-excitation
subspace and the single-excitation subspace Hˆn is spanned by states {|G, n〉 , |X,n− 1〉}.
As a result of this decomposition is that the matrix representation of Hˆλ becomes block
diagonal with blocks given by
Hˆ0 =
δ
2
+ λ, (6)
Hˆn =
(
(n+ λ)ωc − δ2 g
√
n+ 2λξn
g
√
n+ 2λξn (n+ λ)ωc +
δ
2
)
. (7)
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where each Hn is two-dimensional.
3. Results and discussions
To investigate the relation between the optical transitions of the coupled system and the
deformation parameter λ, we obtain the eigenvalues and eigenvectors associated to the ma-
trix given by Eq. (7) that corresponds to the n-th rung in the JC ladder. This methodology
allows to obtain the energies for a particular number n of excitations as follows:
En± = ωc(n+ λ)± R
λ
n
2
(8)
where Rλn =
√
4g2(n+ 2λξn) + δ2 defines the generalized Rabi frequency, and two new
eigenstates |n±〉 which are known as dressed states. It is worth to mention that for the
case of the non-deformed JC model (λ = 0) and without dissipation the dressed states are
energetically split by 2g
√
n at resonance (δ = 0) which is a manifestation of the quanti-
zation in the system. In particular, the optical transitions obtained from the difference in
energy of two consecutive rungs of the JC ladder accounts for the peaks observed in the
photoluminescence (PL) spectrum. The allowed one-photon optical transitions could be
classified as those that produce an infinite sequence of peaks –inner Rabi doublets– posi-
tioned at distances of ±g(√n−√n− 1) in the PL spectrum and they are piling up towards
zero from the first Rabi doublet (n = 1). In contrast with these optical transitions, there
are also another ones that produce peaks –outer Rabi doublets– positioned at distances of
±g(√n +√n− 1) that goes beyond the first Rabi doublet whose predominance in the PL
spectrum is barely noticeable and therefore they are not considered in the present analysis.
Fig. 1(a) shows the spectral positions for the first inner Rabi doublets (n = 1, 2, 3, ..., 19)
as a function of the parity deformation parameter λ and the dimensionless energy scale
calibrated by the light-matter interaction constant g. In such units, the position of the first
Rabi doublet is easily identified when λ = 0 at distances of ±1 (horizontal dashed line for
guide eye), while that the rest of the higher optical transitions reveal a multiplet structure
as is expected in the non-deformed JC model. As the deformation parameter takes posi-
tive values, a reduction of the position of the inner Rabi doublets is observed for all of the
optical transitions coming from even to odd rungs in the JC ladder (even–transitions). In
contrast with the optical transitions coming from odd to even rungs in the JC ladder (odd–
transitions) where the position of the inner Rabi doublets increase. Interestingly enough,
we find that for the critical value of λ = 0.5 a collective phenomenon emerges in such a
way that all even–transitions emit photons at the cavity frequency. This phenomenology
also occurs when the deformation parameter decreases until it reaches the critical value of
λ ≈ −0.5, but now the collective phenomenon emerges for all odd–transitions which emit
photons at the cavity frequency. Fig. 1(b) shows a small region of the spectral positions for
few inner Rabi doublets around λ = 0 (horizontal dashed line for guide eye). Notice that
in the case of the non-deformed JC model, the multiplet structure has an alternating parity
beginning from odd–transitions (read them from right to left starting with n = 2, since
n = 1 is not shown in the figure), in contrast to, for example, the case when λ = ±0.3 where
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Figure 1: Panel (a) shows the spectral position for the first inner Rabi doublets (n = 1, 2, 3...19) as a function
of the parity deformation parameter λ. The solid-blue lines correspond to the even–transitions and the solid-
red lines corresponds to the odd–transitions. Panel (b) shows a small region of the spectral positions for
few inner Rabi doublets around λ = 0 and the color code is the same as panel (a). For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.
the multiplet structure has been grouped by parity. In other words, the inner Rabi doublets
are separated into two groups of peaks where one of them is coming from even– or odd–
transitions exclusively. In Fig. 2(a) we plot the spectral position of first three Rabi doublets
as a function of the detuning δ together with the condition of λ = 0. This particular case
corresponds to the well-known non-deformed JC model, where the inner Rabi doublets are
separated spectrally by a distance of 2g(
√
n−√n− 1) at resonance (δ = 0) as a signature
of the strong coupling regime in the system. Additionally, the inset illustrates the allowed
one-photon optical transitions in the JC ladder together with the corresponding generalized
Rabi frequency R0n with n = 1, 2, 3. At the critical value of λ = 0.5 there is an enlarge-
ment of the Rabi splitting for the odd-transitions without losing the signature of the strong
coupling regime. In contrast, the collective phenomenon is presented for all even-transitions
where the corresponding Rabi doublets merge in a single peak (at the cavity frequency)
evidencing signatures of the weak coupling regime as shown in Fig. 2(b). At the critical
value of λ ≈ −0.5 there is a level anticrossing as a signature of the strong coupling regime
but now originated by the second Rabi doublet in the disguise of the vacuum Rabi doublet.
Now the collective phenomenon appears for all odd-transitions, and its corresponding Rabi
doublets overlap in a single peak (at the cavity frequency) as in the weak–coupling regime,
i.e., as shown in Fig. 2(c). Finally, it is worthwhile noting that after crossing the critical
value of λ = 0.5, the inner Rabi doublets associated with even–transitions interchange their
spectral positions in contrast to the non-deformed case. It can be seen in Fig. 2(d) for a
deformation parameter value of λ = 0.9, where the spectral positions of the Rabi doublet
n = 2 depicted as solid-thick (solid-thin) black line has been shifted to the right (left) hand
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Figure 2: Spectral positions of the Rabi doublets n = 1, 2, 3 as a function of the detuning δ/g. Panel (a)
shows the non-deformed case λ = 0 where the first Rabi doublet shown as solid-blue thick and thin lines.
The second Rabi doublet shown as solid-black thick and thin lines. The third Rabi doublet shown as solid-
red thick and thin lines. The inset shows the allowed optical transitions in the JC ladder together with the
splitting in energy due to the generalized Rabi frequency Rλn. Similar results are shown in panel (b) but for
the deformed case when λ = 0.5, panel (c) when λ = −0.5 and panel (d) when λ = 0.9. For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.
side. Even though the optical transitions offer valuable information on the spectral position
of the emission peaks that could be observed in the PL spectrum, this theoretical approach
cannot provide information on the intensity of these emission peaks neither ensure that they
can be resolved when the system is interacting with the environment. Therefore, in order
to study the emission properties of the deformed-JC model, we must incorporate in our
model irreversible processes such as the leakage of photons from the cavity at the rate κ,
the spontaneous emission of the QE at the rate γ, as well as the incoherent pumping of the
QE at the rate P through the master equation approach as follows:
dρˆ
dt
= −i[Hˆλ, ρˆ] + κ
2
Laˆ(ρˆ) + γ
2
Lσˆ(ρˆ) + P
2
Lσˆ†(ρˆ) (9)
where LOˆ(·) = (2Oˆ · Oˆ† − Oˆ†Oˆ · − · Oˆ†Oˆ) defines the Lindblad superoperator for an arbi-
trary operator Oˆ. Notice that the irreversible processes mentioned above are among the
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most widely used for describing the interaction of QE-cavity system with an environment.
The Appendix A shows in detail how the term associated with the irreversible process of
leakage of photons from the cavity is obtained within the Lindblad master equation ap-
proach. In what follows, it is assumed that the emission originated by the QE is negligible
and the PL spectrum becomes mostly from the cavity. Taking into account the Wiener-
Khintchine theorem which states a relationship between the correlation function and the
power spectrum, it is possible to compute the emitted light by the deformed-JC system as
a Fourier Transform of the two-time correlation function of the parity deformed operator
field aˆ. More precisely, Sa(ω) =
∫∞
−∞
〈
aˆ†(τ)aˆ(0)
〉
e−iωτdτ and for the two-time correlation
function should be used the quantum regression formula [46]. Fig. 3(a) shows a compari-
son of the numerically obtained PL spectrum for the non-deformed JC system (solid-gray
line) at resonance with its deformed counterpart for λ = 0.5 (solid-blue line) and λ = −0.5
(solid-red line). It is well-known that in the non-deformed case, the PL spectrum exhibits
the first Rabi doublet together with two inner peaks that are conformed by all one-photon
optical transitions (n > 2). In contrast with this, the deformed case (λ = 0.5) displays
a spectral triplet constituted by a central peak which has only contributions from even–
transitions and the first Rabi doublet with a mayor splitting. On the other hand, the PL
spectrum in the deformed case when λ = −0.5 displays a spectral triplet where the central
peak has only contributions from odd–transitions which are significantly reinforced by the
optical transition coming from the first rung, moreover of two satellite peaks formed by the
second Rabi doublet. This is complete agreement with the expected results from the optical
transitions between the JC ladder (see Fig. 1(a)). Additionally, the Fig. 3(b) compares the
PL spectrum of the system between the deformed case with λ = 0.9 (solid-green line) and
the non-deformed case (solid-gray line) for a detuning of δ/g = 0.7. Notice that, even though
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un
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Figure 3: Panel (a) shows a comparison of the PL spectrum of the system at resonance (δ = 0) for different
values of the deformation parameter λ. The non-deformed case (λ = 0) is shown as solid-gray line, whereas
the at the critical values of deformation parameter λ = 0.5 as solid-blue line and λ = −0.5 as solid-red
line. Panel (b) shows a comparison of the PL spectrum when the system is detuned (δ/g = 0.7) from the
resonance. The non-deformed case is shown as solid-gray line and for the deformed case λ = 0.9 is shown
as solid-green line. The other parameters are fixed to κ/g = 0.083, γ/g = 0.017 and P/g = 0.05.
these PL spectra share similar features as is the presence of four peaks, where the external
ones correspond to the first Rabi doublet, the internal peaks in the deformed case comes
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from even-transitions exclusively, in contrast to the non-deformed case where the internal
peaks come from odd- and even-transitions in the JC ladder.
It is well-known that there is special interest in research on semiconductor single-photon
10−4 10−3 10−2 10−1 100 101 102
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0
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2
g
(2
) (
0)
Figure 4: Steady-state second-order correlation as a function of pumping P/g for different values of the
deformation parameter λ. Dashed-gray line shows the non-deformed case, solid-red line shows the case
when λ = −0.5 and the dotted-blue line shows the case when λ = 0.5. Finally, dot-dashed green line shows
the case when λ = 0.9. The parameters are fixed to κ/g = 0.083, γ/g = 0.017 and δ/g = 0.
sources (SPs) from experimental side and important efforts have been made on the measure-
ments of optical correlation functions. The second-order correlation function is considered
as a valuable criterion for the characterization of the emitted light by QE-cavity systems,
since they could be quantum devices operating as SPs being the fundamental blocks in both
computing and quantum information processing. In order to investigate the effect of the
parity deformation parameter on the emitted light by the QE-cavity system. We compute
the steady-state second-order correlation function at zero time delay through the expression
g2(0) =
〈
aˆ†(0)aˆ†(0) ˆa(0)aˆ(0)
〉
/
〈
aˆ†(0)aˆ(0)
〉
. In particular, the Fig. 4 shows the steady-state
second-order correlation function as a function of the pumping P . We observe that the
parity deformation parameter plays an important role at low pumping rate, whereas at high
pumping rate, there are no differences between non-deformed respect to the deformed case.
At this range of pumping, the emitted light corresponds to the well-known description of
classical light (g2(0) = 2). It is well-known that in the non-deformed case, the second-
order correlation function is smaller than one but larger than zero, and it is attributed to
non-perfect anti-bunching in the system (dashed-gray line). Interestingly, we observe that
when the parity deformation parameter is set to λ = 0.5 the QE-cavity system operates as
a source of coherent light since g2(0) ≈ 1 (dotted-blue line) for all range of the parameter
P . When the parity deformation parameter is set to λ = −0.5 the light emitted from the
QE-cavity system is perfectly anti-bunched, since g2(0) ≈ 0 (solid-red line). Surprisingly,
for this particular value of the parity deformation parameter g2(0) < 1/2, which implies
that the system represents a good single-photon light source [47]. Finally, at λ = 0.9 it
is found that the statistical properties of the emitted light by the system corresponds to
a classical field, as shown in the dot-dashed green line. Our results reveal that the parity
deformation parameter changes the emission properties of light in the QE-cavity system
without requiring significant external excitation.
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4. Conclusions
We have investigated a pumped-dissipative QD-cavity system within the Lindblad master
equation approach together with the RDHA framework. In particular, we have studied the
dependence of the parity deformation parameter on one-photon optical transitions of the
system, and it was also demonstrated that this parameter induces new phenomenology in
the emission spectrum of the system. Our findings have shown that depending on the critical
value of the deformation parameter, a spectral triplet emerges in the PL spectrum that
exhibits properties of the weak- and strong-coupling regimes. More precisely, an emission
spectrum that consists of a single peak at the resonance (cavity frequency) as in the weak
coupling and a double peak that emerges in the emission spectrum, arising from the QE-
cavity level anticrossing as in the strong coupling. Finally, we have shown that for those
critical values of the deformation parameter together with a low pumping regime, the system
can operate as a good single-photon light source or as a coherent source of light.
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Appendix A. Derivation of the superoperator Laˆ
A commonly used approach for obtaining the different decay rates appearing in a master
equation is to assume a microscopic model for the interaction of the system under study
and the environment. Within this framework, each one of the sub-systems (either the cavity
mode or the QE) interacts individually with an uncorrelated local environment and gives
origin to the distinct Lindblad terms that appear in the master equation given by Eq. (9). In
consequence, each one of the irreversible processes is incorporated into the master equation
through the sum of their respective Lindblad superoperators. In what follows, we show how
the superoperator term associated with leakage of photons from the cavity at a rate κ is
obtained. Let us consider a thermal bosonic environment defined through the Hamiltonian
given by (~ = 1)
HˆE =
∑
i
Ωibˆ
†
i bˆi (A.1)
where bˆ†i and bˆi define the creation and annihilation operators for i-th mode of the thermal
environment with frequency Ωi, respectively. Additionally, we assume that the environment
interacts with the cavity mode via a dipolar interaction as follows
HˆEC =
∑
i
gi(bˆ
†
i aˆ+ bˆiaˆ
†), (A.2)
where gi defines the system-environment coupling constant and assumed to be real. Addi-
tionally, the Hamiltonian describing the system-environment is given by
HˆSE = Hˆλ + HˆE + HˆEC (A.3)
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and where the Hamiltonian given by Eq. (1) has been rewritten in a more convenient form
as follows:
Hˆλ = HˆS + Hˆint, (A.4)
where
HˆS =
ωx
2
σˆz +
ωc
2
(1 + 2λ+ 2Nˆ) (A.5)
and
Hˆint = g(aˆ
†σˆ + aˆσˆ†). (A.6)
It is straightforward to move into the interaction picture using a unitary transformation
with HˆS + HˆE as follows:
Hˆ(t) = ei(HˆS+HˆE)tHˆλe
−i(HˆS+HˆE)t, (A.7)
Hˆ(t) = ei(HˆS+HˆE)tHˆλe
−i(HˆS+HˆE)t, (A.8)
HˆI(t) = e
i(HˆS+HˆE)t(HˆE + HˆEC)e
−i(HˆS+HˆE)t, (A.9)
ρˆI(t) = e
i(HˆS+HˆE)tρˆSEe
−i(HˆS+HˆE)t. (A.10)
where ρˆSE denotes the joint system-environment density operator. It is worth mentioning
that the unitary transformation given by Eq. (A.9) can be handled as in a canonical deriva-
tion of a Lindblad master equation, since the involved commutators [Nˆ , aˆ], [Nˆ , aˆ†], [HˆS, aˆ],
[HˆS, aˆ
†] follow the Baker-Hausdorff lemma [48] as its non-deformed counterpart and they do
not introduce additional terms. Then, the Liouville-von Neumann equation of ρˆI(t) is given
by
dρˆI(t)
dt
= −i[Hˆ(t), ρˆI(t)]− i[HˆI(t), ρˆI(t)]. (A.11)
In what follows, we consider the well-established Born-Markov approach and perform the
partial trace over the environment degrees of freedom for obtaining
dρˆI
dt
= −i[Hˆ(t), ρˆI(t)]− i
〈
[HˆI(0), ρˆI(0)]
〉
−
∫ ∞
0
dt′
〈
[HˆEC(t), [HˆEC(t
′), ρˆI(t)]]
〉
E
. (A.12)
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From the separability approximation at t = 0, the second term on the right-hand side of
Eq. (A.12) vanishes and the third term can be expanded to obtain:
dρˆI
dt
= −i[Hˆ(t), ρˆI(t)]
−
∫ ∞
0
dt′
2∑
j=1
{
[(aˆ†aˆρˆI(t)− aˆρˆI(t)aˆ†)e−i(ωc−ωi)(t−t′)]
〈∑
i
g2i bˆ
†
i bˆie
iΩi(t−t′)
〉
E
+[(ρˆI(t)aˆaˆ
† − aˆ†ρˆI(t)aˆ)e−i(ωc−ωi)(t−t′)]
〈∑
i
g2i bˆibˆ
†
ie
iΩi(t−t′)
〉
E
+[(aˆaˆ†ρˆI(t)− aˆ†ρˆI(t)aˆ)ei(ωc−ωi)(t−t′)]
〈∑
i
g2i bˆibˆ
†
ie
−iΩi(t−t′)
〉
E
+[(ρˆI(t)aˆ
†aˆ− aˆρˆI(t)aˆ†)ei(ωc−ωi)(t−t′)]
〈∑
i
g2i bˆ
†
i bˆie
−iΩi(t−t′)
〉
E
}
, (A.13)
where the partial trace over the degrees of freedom of the environment is denoted by the
symbol 〈·〉E = TrE[·ρˆI ]. It is assumed to be thermal. Then, they can be cast in:〈∑
i
g2i bˆ
†
i bˆie
iΩi(t−t′)
〉
E
=
∑
i
g2i e
iΩi(t−t′)n¯, (A.14)〈∑
i
g2i bˆibˆ
†
ie
iΩi(t−t′)
〉
E
=
∑
i
g2i e
iΩi(t−t′)(1 + n¯), (A.15)〈∑
i
g2i bˆibˆ
†
ie
−iΩi(t−t′)
〉
E
=
∑
i
g2i e
−iΩi(t−t′)(1 + n¯), (A.16)〈∑
i
g2i bˆ
†
i bˆie
−iΩi(t−t′)
〉
E
=
∑
i
g2i e
−iΩi(t−t′)n¯, (A.17)
where n¯(ω) = [eω/T − 1]−1 is the Bose-Einstein distribution at a temperature T (the Boltz-
mann’s constant κB=1). Finally, it is introduced the spectral density of the environment
D(ω) and taking into account the continuum as
∑
i →
∫
dωD(ω), we go back to to the
Schro¨dinger representation in the Eq. (A.13). Now the master equation reads explicitly as
follows:
dρˆ
dt
= −i[Hˆλ, ρˆ] + pi
2
g(ωc)
2D(ωc)(1 + n¯)Laˆ(ρˆ) + pi
2
g(ωc)
2D(ωc)n¯Laˆ†(ρˆ). (A.18)
Thus, the Eq. (9) is recovered by taking n¯ = 0 and defining the photonic decay rate as
κ = pig(ωc)
2D(ωc)(1 + n¯). Here g(ωc) defines the system-environment interaction at the
frequency ωc.
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